1. Membrane currents evoked by repeated noxious heat stimuli (43-47°C) of 3 s duration were investigated in acutely dissociated dorsal root ganglion (DRG) neurones of adult rats. The heat stimuli generated by a fast solution exchanger had a rise time of 114 ± 6 ms and a fall time of 146 ± 13 ms. 2. When heat stimuli were applied to heat-sensitive small (û 32·5 ìm) DRG neurones, an inward membrane current (Iheat) with a mean peak of 2430 ± 550 pA was observed (n = 19). This current started to activate and deactivate with no significant latency with respect to the heat stimulus. The peak of Iheat was reached with a rise time of 625 ± 115 ms. When the heat stimulus was switched off Iheat deactivated with a fall time of 263 ± 17 ms.
up. Since wind-up is specific for wide dynamic range (WDR) neurones, heat responses of nociceptive-specific neurones showed adaptation whereas WDR neurones in the spinal cord did not (Coghill et al. 1993) . Compensation of peripheral adaptation to yield a constant pain sensation may be the major function of wind-up. Nociceptive primary afferents act as proportional and differential sensors (PD sensors), exhibiting pronounced (up to 90%) albeit slow adaptation (ô 2·5 s) when stimulated with mechanical or heat stimuli (Meyer & Campbell, 1981; Handwerker et al. 1987; Schneider et al. 1995; Treede et al. 1995) . Recovery from this adapted state takes 10 min or longer (LaMotte & Campbell, 1978; Treede et al. 1998 ) and affects the dynamic response more than the static response (Treede, 1995) . This long-lasting reduction of nociceptor discharge is called 'suppression'. The adaptation and suppression of nociceptive afferent action potential discharges may occur at two stages of the neural encoding process: (1) transduction of physical stimuli into generator potentials and (2) transformation of generator potentials into trains of action potentials. Whereas adaptation in the transformation process is supported by slowing of conduction velocity (Thalhammer et al. 1994; Schmelz et al. 1995; Serra et al. 1999 ) and slow kinetics of sensory neurone-specific sodium channels (Waxman et al. 1999) , there is no evidence for adaptation in the transduction process so far. The transduction process for noxious heat stimuli has been studied using dissociated neurones from dorsal root ganglia (DRG) as models of their own terminals (Cesare & McNaughton, 1996; Kirschstein et al. 1997 Kirschstein et al. , 1999 Nagy & Rang, 1999a,b; Vyklick y et al. 1999) . Brief heat stimuli (< 1 s) were found to elicit inward currents (Iheat) in DRG neurones which did not adapt (Cesare & McNaughton, 1996) and were reproducible with stimulus repetition at short intervals (Kirschstein et al. 1997 (Kirschstein et al. , 1999 Guenther et al. 1999) . Heat stimuli with slowly increasing temperatures revealed a threshold temperature of about 43°C to evoke Iheat in DRG neurones (Vyklick y et al. 1999) . The correlate of adaptation in the transduction process would be inactivation of Iheat upon constant stimulation; suppression would be visible as tachyphylaxis upon repeated stimulation. The transduction of heat stimuli into membrane currents has been suggested to be mediated by the heat-and capsaicin-sensitive vanilloid receptor VR1 (Caterina et al. 1997; Kirschstein et al. 1999) . This receptor when transfected into human embryonic kidney (HEK293) cells shows a threshold of •45°C for activation (Tominaga et al. 1998) . In DRG neurones, Iheat is partly antagonized by the VR antagonists Ruthenium Red and capsazepine (Kirschstein et al. 1999; Nagy & Rang, 1999b) . Whereas the transduction of moderately noxious heat stimuli in DRG neurones is likely to be mediated by the capsaicin receptor VR1, a second heat transduction mechanism with a higher threshold has been described in capsaicin-insensitive DRG neurones (Nagy & Rang, 1999a ). This transduction mechanism may involve the vanilloid receptor-like protein 1 (VRL1) which is activated by higher temperatures with a threshold of •52°C but which is not sensitive to capsaicin or capsazepine in VRL1-expressing HEK293 cells . The aim of this study was to test whether inward currents elicited by moderately noxious heat stimuli show signs of inactivation and tachyphylaxis when long stimulus durations, as used previously in vivo, were applied. As inactivation and tachyphylaxis in capsaicin-induced currents are calcium dependent (Docherty et al. 1996; Liu & Simon, 1998) , we further investigated the influence of extracellular and intracellular calcium on inactivation and tachyphylaxis of Iheat. Preliminary accounts of this study have appeared in abstract form (Schwarz et al. 2000) .
METHODS
Acutely dissociated DRG neurones were obtained as previously described (Kirschstein et al. 1997 (Kirschstein et al. , 1999 . Briefly, adult SpragueDawley rats (110-310 g) of either sex were deeply anaesthetized with diethylether (Merck, Darmstadt, Germany) and rapidly decapitated. This method is in accordance with German national law on the principles for animal welfare and is approved by the representative for animal care and use of the University of Mainz. The spine was removed, chilled at 4°C in F12-Dulbecco's modified Eagle's medium (Sigma; adjusted to pH 7·4 by NaOH) containing 30 mÒ NaHCO× (Merck), 100 i.u. ml¢ penicillin and 100 ìg ml¢ streptomycin (Sigma). The F12 medium was equilibrated with 95 % Oµ-5 % COµ throughout the whole preparation and dissociation procedure. Thoracic and lumbar DRGs were quickly dissected and freed from connective tissue. Neurones were dissociated at 37°C using collagenase CLS II (5-10 mg ml¢, 40-50 min; Biochrome, Berlin, Germany) and trypsin (0·2-1 mg ml¢, 10-12 min; Sigma) dissolved in the F12 medium. After trituration with fire polished Pasteur pipettes, neurones were plated on 35 mm diameter culture dishes, which also served as recording chambers, and stored at 37°C in a humidified 5% COµ atmosphere before being used for electrophysiological recordings 1-10 h after dissociation.
Electrophysiology
Whole-cell patch-clamp experiments were performed in extracellular solution (ES) containing (mÒ): 145 NaCl, 2·5 KCl, 10 Hepes, 10 glucose, 1·5 CaClµ and 1·2 MgCl (pH adjusted to 7·4 at room temperature). Cell diameter, cross-sectional area, membrane capacity and resting membrane potential were measured for each investigated neurone. Only round or oval neurones up to a maximum diameter of 32·5 ìm and without any processes were included in this study. The mean of the major and minor diameter was used to measure oval-shaped neurones. Nociceptive neurones are generally small (Petersen & LaMotte, 1991; Gold et al. 1996) and heat-sensitive neurones were previously found to have diameters between 20 and 32·5 ìm (Kirschstein et al. 1997 (Kirschstein et al. , 1999 . Recordings were performed using an Axopatch 200A amplifier (Axon Instruments, Foster City, CA, USA; lowpass Bessel filter (4-pole) at 2 kHz) and pCLAMP software (version 6.0 and 8.0, Axon Instruments; sampling rate: 4 kHz). Neurones were clamped at −80 mV in voltage-clamp mode or held at a membrane potential of about −60 mV in current-clamp mode by applying current through the patch electrode. Excitability was tested by depolarizing current steps for each neurone. Cells without the capability to generate action potentials elicited by short (40 ms) depolarizing current pulses where excluded from further investigation. Patch pipettes were fabricated from borosilicate glass capillaries (Hilgenberg, Malsfeld, Germany) using a horizontal micropipette puller (P-87; Sutter, Novato, USA), fire polished and filled with a solution containing (mÒ): 160 KCl, 10 Hepes and 8·13 EGTA adjusted to pH 7·2 by KOH (RTip = 2-13 MÙ). In some experiments EGTA was replaced by 10 mÒ BAPTA and a mean period of 10 min was kept before applying heat stimuli to allow equilibration with intracellular solution (0 [Ca¥]é). In experiments with calcium-free ES (0 [Ca¥]ï), 10 mÒ EGTA was added to the normal ES (pH adjusted to 7·4). Neurones were superperfused 30 s before and throughout the heat stimulations and interstimulus intervals with this buffered calcium-free solution. Current-voltage (I-V) curves of Iheat were obtained using fast depolarizing ramps (−80 to 60 mV in 200 ms every 310 ms). For these experiments patch pipettes were filled with a potassium-free solution containing (mÒ): 140 CsCl, 10 Hepes, 10 EGTA, 4 MgClµ (pH 7·2). Before applying heat stimuli (10 s duration) the ramp protocol was repeated •100 times to inactivate voltage-dependent inward and outward currents (Liu et al. 1997 ).
Heat stimulation
A custom-made motor-driven solution changer with four parallel glass capillaries (outer diameter: 1·5 mm, inner diameter: 1·05 mm) was used to apply heated solutions. The flow of solution, driven by gravity, was adjusted to the same rate in each capillary (0·6-0·7 ml min¢, corresponding to a velocity of 12-13 ìm ms¢). Every capillary had its own reservoir. Two of the capillaries perfused with heated solution were insulated with plastic tubes to minimize loss of temperature. A stepper motor, controlled by pCLAMP software, was used to switch between capillaries with superperfusing solutions of different temperature. ES in the two reservoirs connected to heated tubes was adjusted to pH 7·4 at 50°C. The solution in these tubes was heated to 65-80°C using a resistive device (HT 1.2; VETEC, Dummersdorf, Germany). Since there was a distance of about 14 cm between the heating device and the outlet, the solution cooled down to 43-47°C before reaching the bath. Each capillary was earthed and contained a miniature thermocouple (IT-1E; Physitemp, Clifton, USA) to measure the temperature of the solution close to the outlet (BAT-12 digital laboratory thermometer; Physitemp; 15 Hz lowpass filter). A further miniature thermocouple positioned in place of the neurone at a distance of about 150 ìm from the outlets was used to measure the effective temperature of the applied stimulus off-line (see Fig. 1B ). There was less than 1°C difference between the temperatures measured by the thermocouple inside and in front of the outlet in the steady state (see Results). The thermal response time of the setup was determined by rapidly immersing the thermocouple into heated ES (ÄT = 21 ± 1°C; n = 10). These measurements revealed a time constant of 95 ± 2 ms, indicating that the setup was too slow to register fast temperature steps exactly. Thus, open patch pipettes (RTip = 2-4 MÙ) in place of the neurone were used to record the time course of heat stimuli (see Fig. 1A , cf. Cesare & McNaughton, 1996) .
Protocol
After disruption of the cell membrane the neurones were tested for excitability by depolarizing current steps. Mechanically induced artefacts from the solution changer were measured by switching between two solutions of the same temperature between 29 and 35°C. These measurements revealed a mean outward current of 61 ± 161 pA (mean ± s.d.; n = 77). Inward currents exceeding 400 pA (mean + 3 s.d. of the mechanically induced current) were considered specific heat responses, whereas inward currents <400 pA were considered non-specific effects. Of 77 neurones tested with one or more heat stimuli of 3 s, 49 were heat sensitive according to this definition (64%). This proportion of heat-sensitive small, DRG neurones is in agreement with previous reports (Cesare & McNaughton, 1996; Kirschstein et al. 1997 Kirschstein et al. , 1999 Vyklick y et al. 1999) . In the present study only neurones were included which were tested at least three times with repeated noxious heat stimuli (3 s; 43-47°C) in voltage-clamp mode. A maximum variation of 1°C in the application tube was tolerated between the repeated heat stimuli.
Variations of the holding current (Ihold) of maximally ± 400 pA before the first and the third stimulus were accepted. Nineteen of the heat-sensitive neurones investigated with normal extra-and intracellular solutions fulfilled these criteria. Additionally 8 heatsensitive neurones were examined with 0 [Ca¥]ï, 13 heat-sensitive neurones with 0 [Ca¥]é and 6 heat-sensitive neurones with voltage ramps using potassium-free intracellular solution; these are not included in the general statistics of heat sensitivity. In every dish only one neurone was tested with heated solutions.
Data analysis
Off-line measurements and statistical analyses were done using pCLAMP 8.0 (Axon Instruments) and EXCEL 97 (Microsoft). For illustration all recordings were filtered with a Gaussian filter (100 Hz), subsampled to 0·4 kHz and again filtered with a notch filter (centre frequency: 50 Hz, width 10 Hz). These filters were necessary only for the open-pipette recordings, but to be consistent were applied to all recordings. Onset and offset latency was measured from the control pulse for the stepper motor of the solution changer to the first visible effect. The rise time was determined from the first visible effect to the peak current. The fall time was determined as time needed from the last heat-induced effect to return to baseline. The decrease of current from the peak to the end of the heat stimulus is designated as inactivation, which is supposed to be a correlate of adaptation of action potential discharges reported in vivo (Meyer & Campbell, 1981; Treede et al. 1995) . The time course of this decrease was linear in a semilogarithmic plot and thus was characterized by a single time constant ô. The decrease of the peak current in response to repeated heat stimuli was designated as tachyphylaxis which is equivalent to suppression of action potential discharges to repetitive heat stimuli reported in vivo (LaMotte & Campbell, 1978; Adriaensen et al. 1984) . I-V curves were obtained by subtracting the last background ramp before heat from the ramps during maximum Iheat and 2·5 s after the peak (Liu et al. 1997 ). Data are presented as means ± standard error of the mean (s.e.m.) if not otherwise indicated. Inactivation, tachyphylaxis and the effects of extracellular and intracellular calcium-free solutions were analysed using a 2-way ANOVA with Newman-Keuls post hoc test for ordered means (Statistica 4.5, StatSoft). Other effects were statistically analysed by Student's t test for paired or unpaired data. Error probabilities with P û 0·05 were considered statistically significant.
RESULTS
The time course of the heat stimulus was recorded with an open pipette in place of the neurone (n = 26). When the solution changer stepped between solutions from a baseline temperature of 32-35°C to a temperature of 45-46°C (ÄT = 10-13°C), a small inward current was elicited (see Fig. 1A ). This current started with a delay of 110 ± 2 ms after the control pulse (onset latency) and reached a plateau of −93 ± 6 pA after a rise time of 114 ± 6 ms. When the Stepped heat stimuli from 35 to 45°C were applied by moving the boundary between two parallel flows (0·6 ml min¢ equivalent to 12 ìm ms¢) of superperfusing medium at different temperatures across an open pipette (A), a fast thermocouple (B) and a small DRG neurone (C). A, the time course of the temperature change was obtained using the tip of an open pipette, which was positioned in place of the neurone. Switching the superperfusion from 35 to 45°C induced a small inward current. The first vertical line (1) marks when the control pulse was sent to the solution changer, the second line (2) is set to the mean time (n = 26) of the first measurable effect of heat-induced open-pipette currents (onset latency) and the third line to the mean time when the plateau was reached (rise time; (3)). The three lines at the end of the stimulus indicate a second control pulse (4), mean time to the first visible recovery effect (offset latency;(5)) and mean time to return to baseline (fall time; (6)). These measurements revealed a change of temperature within about 140 ms at the neurone with a delay of about 100 ms after the control pulse. Stepping between solutions of the same temperature (30°C) elicited only minor artefacts (upper line). B, effective temperature of the heat stimulus measured with a miniature thermocouple in place of the neurone. The thermocouple is fast enough to indicate the onset latency but not the time course of the temperature stimulus. The effective temperature in this case was 44·8°C determined in the last second of the heat stimulus. Changing between solutions of the same temperature of 32·5°C revealed no effect (lower line). C, in a DRG neurone (size: 27·5 ìm, resting membrane potential: −43 mV) the heat stimulus elicited an inward current (Iheat), which reached a peak after a rise time of 236 ms. Afterwards the current decreased in spite of the constant stimulus temperature (inactivation). After termination of the heat stimulus Iheat immediately began to deactivate and recovered to baseline within 250 ms. Changing between solutions of the same temperature (33°C) induced no visible current (upper line).
heat stimulus was switched off, the current returned to the baseline within a fall time of 146 ± 13 ms (again delayed by 90 ± 4 ms with respect to the control pulse). Stepping between two solutions of the same temperature (n = 26) induced only small mechanical artefacts of −8 ± 3 pA (Fig. 1A) . These measurements indicate that our system generates stepped temperature stimuli with a rise time similar to a feedback-controlled laser (Meyer et al. 1976 ). The effective temperature of the stimulus was measured with a thermocouple in place of the neurone. The step to a heated solution induced an asymptotic approximation to a plateau temperature visible in the time course recorded by the thermocouple (Fig. 1B) . There was a difference of 0·2 ± 0·3°C (mean ± s.d., n = 27) between the temperature measured by the thermocouple inside the glass capillary and the plateau temperature measured by the thermocouple in front of its outlet. This plateau temperature indicates the effective temperature at the neurone, but the time course was too slow due to the response time of the temperature measurement setup (see Methods). There was no effect measurable with the thermocouple when stepped between two solutions of the same non-noxious temperature (Fig. 1B) . Due to these results we used open-pipette currents as indicators of the time course of stepped heat stimuli, and readings from thermocouples inside the superfusion capillaries as indicators of the effective temperature.
In DRG neurones stepping the temperature from a baseline temperature of 31-35°C to 43-47°C (ÄT = 10-13°C) elicited an inward membrane current (Iheat) after an onset latency of 116 ± 2 ms. This current was delayed 6 ms in comparison with open-pipette measurements but the difference did not reach significance. The peak of the heatevoked current was −2430 ± 550 pA (n = 19). The mean rise time was 625 ± 115 ms and thus significantly longer (P < 0·001) than that of the stimulus. This result indicates that the peak of Iheat is reached about 500 ms after the peak temperature. During sustained heat stimulation the normalized current decreased by 27 ± 4 % after 2 s and by 44 ± 5 % after 3 s (inactivation of Iheat, Fig. 3A) . After switching off the heat stimulus the current began to deactivate after an offset latency of 97 ± 4 ms (with respect to the control pulse) and thus was again slightly delayed compared with the stimulus offset (7 ms, n.s.). The current reached the baseline after a fall time of 263 ± 17 ms (n = 19; Fig. 1C ). In comparison with the heat stimulus the fall time was also significantly longer (P < 0·001). In contrast to the observable inactivation of Iheat, the openpipette current elicited by a temperature change did not show any signs of inactivation and was negligibly small (open-pipette current was less than 4% of mean peak membrane current, Fig. 1A ).
Nociceptor adaptation and suppression J. Physiol. 528.3 Figure 2 . I-V relationship of heat-evoked currents before and during inactivation I-V curves were obtained using a repeated ramps protocol (−80 to 60 mV in 200 ms every 310 ms) and constant heat stimuli of 10 s duration were applied after inactivation of voltage-dependent inward and outward currents by the voltage ramps. A, I-V curves were determined at the peak of Iheat (±) and 2·5 s afterwards (1). Points are joined by polynominal curve fitting. B, plot of percentage reduction in Iheat 2·5 s after the peak current. The reduction in Iheat is divided by the respective peak current at each membrane potential. Data are presented as means ± s.e.m. (n = 6).
The voltage dependence of inactivation was investigated with continuous voltage ramps. Iheat had outward rectifying properties and a reversal potential close to 0 mV (Vrev = −6·3 ± 2·2 mV, n = 6; Fig. 2A, squares) . The time to peak was delayed under these experimental conditions (2·0 ± 0·4 s, P < 0·001, Student's unpaired t test). Therefore, the degree of inactivation was determined 2·5 s after the peak of Iheat elicited by a heat stimulus of 10 s duration. The properties of Iheat were conserved in the inactivated state (Vrev = −7·0 ± 2·4 mV, n.s.; Fig. 2A , circles) but inactivation was more pronounced at membrane potentials negative to Vrev. Inactivation of heat-evoked inward currents was 37 ± 5 % in the negative-voltage range (−80 to −20 mV), that of heat-evoked outward currents in the positive-voltage range (10 to 60 mV) was 23 ± 6% (P < 0·05, Student's paired t test; Fig. 2B ). The contribution of Ca¥ to inactivation was investigated with calcium-free extracellular solution (0 [Ca¥]ï), applied 30 s before and throughout the whole repeated stimulus protocol. The heat-evoked peak current of −1530 ± 400 pA (rise time 351 ± 71 ms, n = 8) was reduced by 53 ± 6 % within the 3 s of heat stimulation (Fig. 3B) . This indicates that an influx of calcium from the extracellular space is not necessary for inactivation. However, calcium may also increase intracellularly through a release from intracellular stores. When intracellular calcium was buffered with 10 mÒ BAPTA in the patch electrode (0 [Ca¥]é) the mean heatevoked peak current was −2960 ± 600 pA (n = 13, rise time 603 ± 103 ms). This peak current was reduced by 49 ± 4 % within 3 s (Fig. 3C ). Statistical analysis with 2_way ANOVA revealed that the peak membrane currents and the degree of inactivation with 0 [Ca¥]ï or 0 [Ca¥]é were not significantly different from control conditions (treatment: F(2,37) = 0·96; interaction: F(2,74) = 1·47; n.s.), but inactivation during the stimuli was significant (F(2,74) = 33·66; P < 0·001). When normalized to the peak Figure 3 . Inactivation of heat-evoked inward currents is independent of intra-and extracellular calcium During sustained stimulation (3 s) heat-evoked inward currents progressively decreased (inactivation). The first bar in each graph represents the mean heat-evoked peak current, the second and third bar represent the mean current 2 and 3 s after stimulus onset. A, inactivation of Iheat in neurones investigated with normal intra-and extracellular solutions (n = 19). B, inactivation of Iheat in calcium-free extracellular solution (buffered by 10 mÒ EGTA, n = 8). C, inactivation in neurones where intracellular Ca¥ was buffered with 10 mÒ BAPTA in the patch electrode (n = 13). Data are presented as means ± s.e.m. (***P û 0·001, **P û 0·01 versus peak, Newman-Keuls post hoc test). Buffering intra-or extracellular calcium did not significantly affect inactivation. When neurones were tested repetitively with five heat stimuli the peak current of Iheat progressively decreased (tachyphylaxis). Most of the tachyphylaxis occurred across the first three stimuli. Each bar represents the mean peak current (n = 4). amplitude, the percentage reduction in Iheat within the 3 s stimuli was also independent of extra-or intracellular Ca¥ (one-way ANOVA: F(2,37) = 0·73, n.s.). To analyse the effect of repeated application of the same heat stimuli on the peak of Iheat, some neurones were investigated with five consecutive stimuli (mean interstimulus interval: 31 ± 6 s; n = 4). The peak current decreased substantially across the five heat stimuli (tachyphylaxis of Iheat). When normalized to the peak current elicited by the first heat stimulus, the 2nd peak Iheat was reduced by 11 ± 20 %, the 3rd by 45 ± 13 %, the 4th by 50 ± 18% and the 5th by 54 ± 18%. The major degree of tachyphylaxis was reached after three repeated heat applications. Therefore, the first three stimuli are enough to characterize this phenomenon of Iheat (Fig. 4) .
To investigate the influence of extra-or intracellular calcium on tachyphylaxis, calcium was buffered extra-or intracellularly (see Methods) and three repetitive heat stimuli were applied under these different conditions. In neurones investigated under control conditions the peak Iheat decreased by 48 ± 6 % from the 1st to the 3rd stimulus ( Fig. 5A ; n = 19; mean interstimulus interval: 33 ± 3 s). When extracellular Ca¥ was buffered with 10 mÒ EGTA the mean peak current decreased by 42 ± 7 % across three stimuli Nociceptor adaptation and suppression J. Physiol. 528.3 Figure 5 . Tachyphylaxis of heat-evoked inward currents is independent of intra-and extracellular calcium Each graph shows the mean heat-evoked peak currents of three consecutive heat stimuli. A, tachyphylaxis of Iheat under control conditions (n = 19). B, tachyphylaxis investigated when extracellular Ca¥ was buffered with 10 mÒ EGTA (n = 8). C, tachyphylaxis in neurones where intracellular Ca¥ was buffered with 10 mÒ BAPTA (n = 13). Data are presented as means ± s.e.m. (***P û 0·001, **P û 0·01, *P û 0·05 versus peak of 1st stimulus, Newman-Keuls post hoc test). Currents decreased significantly across the repeated heat stimulation, but buffering intra-or extracellular Ca¥ did not change the degree of tachyphylaxis.
Figure 6. Inactivation does not change within repeated heat stimuli
Currents induced by three repeated heat stimuli of 45°C in a heat-sensitive neurone (size: 30 ìm, resting membrane potential −52 mV, interstimulus intervals 35 and 36 s). Across the three heat responses the peak current decreased (tachyphylaxis) but the degree of relative inactivation of each current was almost identical over the three stimuli (40, 45 and 52%).
( Fig. 5B ; n = 8; mean interstimulus interval: 35 ± 1 s). Buffering intracellular Ca¥ with 10 mÒ BAPTA led to a decrease by 52 ± 7 % across three stimuli ( Fig. 5C ; n = 13; mean interstimulus interval: 34 ± 2 s). Thus buffering intracellular or extracellular calcium did not change the degree of tachyphylaxis compared with normal conditions (treatment: F(2,37) = 0·94, interaction: F(4,74) = 0·94; n.s.), whereas tachyphylaxis across the three repeated applications within each treatment was significant (F(2,74) = 16·18, P < 0·001). The effect of repeated stimulation on inactivation of Iheat during the 3 s heat stimuli was evaluated as well. As already demonstrated, the inactivation of Iheat within the 1st heat stimulus was 44 ± 5 % of the peak current. Within the 2nd application the normalized current inactivated by 37 ± 6 % and by 44 ± 6 % during the 3rd application of the heat stimulus (Fig. 6 ). There was no significant difference of the normalized inactivation between the three heat stimuli (F(2,74) = 1·45; n.s.) and between the different treatments (F(2,37) = 0·48; interaction: F(4,74) = 2·17; n.s; data not shown). Semi-logarithmic graphical representation of Iheat was linear throughout the 3 s measurement time suggesting a monoexponential decay in this time interval. Since a few neurones exhibited very little inactivation, the distribution of time constants (ô) was skewed and thus values were log transformed to yield a normal distribution. Again neither the repeated stimulation (F(2,74) = 0·46) nor the treatment (F(2,37) = 1·21, interaction F(4,74) = 1·39) affected the time constants. The time constant for inactivation was 4·4 s within the first stimulus (log ô = 0·64 ± 0·07), 4·9 s within the second stimulus (log ô = 0·69 ± 0·05) and 4·7 s within the third stimulus (log ô = 0·67 ± 0·07) (n = 40, each).
DISCUSSION
This study has shown that inward currents evoked by moderate heat stimuli (43-47°C) in nociceptive DRG neurones activate and deactivate rapidly. The currents inactivate with a time constant of 4-5 s during a constant heat stimulus, and they show pronounced tachyphylaxis at an interstimulus interval of 30 s. Neither omission of extracellular calcium, nor buffering of intracellular calcium, affected the inactivation or tachyphylaxis of heat-evoked currents.
Inactivation and tachyphylaxis of heat-evoked and capsaicin-induced inward currents
The voltage dependence of heat-evoked currents (Iheat) with a reversal potential near 0 mV indicates that heat-induced currents are carried through non-selective cation channels. This finding, as well as the outward rectification of Iheat are consistent with results previously described in cultured DRG neurones for whole-cell and single-channel currents (Cesare & McNaughton, 1996; Kirschstein et al. 1999; Nagy & Rang, 1999b ) and in excised patches of VR1 transfected HEK293 cells (Tominaga et al. 1998 ). Inactivation of Iheat was observed for all membrane potentials tested in the present study. The outward rectification increased during inactivation as also reported for capsaicin-induced inward currents (ICaps) (Piper et al. 1999) . Thus for both Iheat and ICaps, inactivation appears to be more pronounced for inward currents than for outward currents. The finding that inactivation and tachyphylaxis of Iheat were independent of the extra-and intracellular calcium concentrations is in contrast to inactivation and tachyphylaxis of ICaps. Both inactivation and tachyphylaxis of ICaps depend on a rise in intracellular calcium and activation of calcium-dependent phosphatases such as calcineurin (Cholewinski et al. 1993; Docherty et al. 1996; Liu & Simon, 1996) . If ICaps in DRG neurones is a current carried through the VR1 ion channel, channel closing by dephosphorylation of the VR1 protein may underly inactivation and tachyphylaxis. Since the capsaicin receptor VR1 is also a heat-sensitive ion channel (Caterina et al. 1997 ), inactivation of Iheat should be similar to that of ICaps and, therefore, depend on activation of calcium-dependent phosphatases. This suggestion is supported by the demonstration that sensitization of Iheat by bradykinin involves a phosphorylation step by PKCå (Cesare et al. 1999a ). The molecular mechanisms of sensitization on the one hand and inactivation andÏor tachyphylaxis on the other may therefore simply be complementary aspects of the same process, i.e. regulation of the heat sensitivity of an ion channel by phosphorylation (Cesare et al. 1999b ). This prediction, however, was not supported by our study. A recent study using a nominally calcium-free solution for repeated ramped heat stimuli reported that tachyphylaxis of Iheat was independent of extracellular calcium (Vyklick y et al. 1999) . In those experiments, calcium was present in the extracellular solution between stimuli; therefore the intracellular calcium concentration may have been increased by calcium released from intracellular stores andÏor by activation of store-operated calcium channels. In fact, their original traces (Fig. 6 in Vyklick y et al. 1999 ) display inward currents upon re-admission of extracellular calcium, similar to a typical current through store-operated calcium channels (for review see Holda et al. 1998 ). In our study, calcium-free extracellular solution was superfused throughout the repeated stimulation protocol, and in addition we used a rapid chelator intracellularly (BAPTA; Tsien, 1980) . The tachyphylaxis under these conditions cannot be explained by a rise of intracellular calcium. Tachyphylaxis of inward currents evoked by zingerone or olvanil in nociceptive DRG neurones is also calcium independent, although both substances are assumed to act on vanilloid receptors, and their actions are blocked by the competitive vanilloid receptor antagonist capsazepine (Liu & Simon, 1998) . Thus, there may be different vanilloid receptors or different modes of activation, and the actions of noxious heat may be more similar to actions of zingerone and olvanil than to those of capsaicin.
In HEK293 cells expressing the cloned VR1, inactivation and tachyphylaxis to heat were independent of calcium, whereas capsaicin-induced inactivation and tachyphylaxis were absent in calcium-free media (Tominaga et al. 1998) . Thus the fact that inactivation of ICaps in DRG neurones was mostly calcium dependent, whereas that of Iheat was not, does not contradict the model that both may be carried through VR1. The potency of capsazepine to block currents through VR1 was smaller for activation by heat than by capsaicin (Caterina et al. 1997; Tominaga et al. 1998) . This may explain the tenfold lower potency of capsazepine to antagonize Iheat compared with ICaps in DRG neurones (Kirschstein et al. 1999; Nagy & Rang, 1999b) . The classification of two types of vanilloid receptors (R-type: resiniferatoxin-like, and C-type: capsaicin-like) had been based on different structure-activity relations for ligand binding and channel opening (Acs et al. 1996) . Recently, however, it was reported that VR1 exhibits the properties of both R-type and C-type vanilloid receptors (Szallasi et al. 1999) . Thus, whereas there is substantial evidence for the existence of multiple classes of vanilloid receptors and multiple heat-transduction pathways, the properties of VR1 have also proved to be quite complex and this polymodal sensor in the nociceptive transduction pathway explains many findings that had previously been attributed to separate pathways .
Potential calcium-independent mechanisms of inactivation of heat-evoked currents While a spontaneous dephosphorylation after short heat applications as used in our experiments is unlikely to be due to the high activation energy of phosphate bonds, it has been shown that heat shocks of a similar temperature (43-45°C) but much longer duration (10 min) caused a selective dephosphorylation of several proteins (Ohta et al. 1989; Henle et al. 1990 ). Extended exposure of cells, including DRG neurones (Amin et al. 1995) , to elevated temperatures induces enhanced synthesis of heat-shock proteins which leads to a reduced sensitivity to subsequent stress. The heat-shock protein Hsp72 has been found to stimulate dephosphorylation of stress kinase JNK (Volloch et al. 1999 ). This process contributes to protecting cells from apoptosis. Furthermore, it is conceivable that the activity of phosphatases like phosphatase 1, which is tonically active in dorsal root ganglion neurones (Dolphin, 1992) , is rapidly enhanced by an increase in temperature. There are examples of other channel-linked receptors like the nicotinic acetylcholine receptor (see e.g. Fig. 7 in Mulle et al. 1992 ) and the NMDA receptor where desensitization is partly calcium independent. In the case of the NMDA receptor-channel complex a calcium-independent mechanism of inactivation is related to an allosteric modulation at the glycine binding site, which has to be occupied to open the channel (Mayer et al. 1989; Parsons et al. 1993 ). Binding of NMDA or glutamate at the agonist binding site reduces the affinity of the glycine site. As a consequence, glycine diffuses away, leading to a reduction in current through the NMDA receptor channel during constant stimulation with an agonist. Similar allosteric interactions are conceivable between the heat-sensing element and the capsaicin binding site of VR1. Although subunit composition and locations of temperature sensor and capsaicin binding site of VR1 are not known at present, the predicted membrane topology of the heatsensitive ion channel VR1 (Caterina et al. 1997 ) is comparable with that of voltage-gated channels (6_trans-membrane region channels), and both classes of channels are gated by physical stimuli. Thus, one may speculate, whether the inactivation mechanisms of Iheat could be similar to those of voltage-gated sodium channels, in that temperature changes may directly cause reversible folding and de-folding of the channel protein (two processes: fast opening, slow inactivation) leading to transitions between three different states of the channel (closed, opened, inactivated).
Comparison with in vivo data from nociceptive afferents
The heat-evoked action potential discharges of C-fibre nociceptors adapt with a time constant of about 2·5 s (Treede, 1995) and those of type II A-fibre nociceptors with a time constant of about 2·8 s (Treede et al. 1998) . These rates of adaptation are slow, but the discharge rate may decrease by up to 90% during a heat stimulus of 30 s duration (Meyer & Campbell, 1981) . The constant pain elicited by such a stimulus is explained by central summation andÏor recruitment of type I A-fibre nociceptors, which exhibit a slow heat-transduction mechanism with a high threshold (Meyer & Campbell, 1981) . The inactivation rate of Iheat in our data (time constant 4-5 s) was somewhat slower than that of adaptation of action potential discharges in vivo. In their recent review paper, McNaughton's group show an example of inactivation of Iheat that also has a time constant of about 4·5 s during the first 3 s (Cesare et al. 1999b) . Other studies on Iheat either used stimulus durations that were too short to determine inactivation or used ramp stimuli. While we cannot exclude that additional mechanisms in the transformation process of action potential generation contribute to nociceptor adaptation, inactivation of Iheat may fully account for nociceptor adaptation to heat stimuli in vivo. Interestingly, adaptation in corneal afferents of the cat is also independent of calcium, similar to the inactivation of Iheat (Belmonte et al. 1994) . Suppression of nociceptor discharges across repeated stimulation at interstimulus intervals of 30 s amounts to •60% at the second and •75% at the third stimulus in A_fibres in vivo (Treede et al. 1998) . Heat-evoked discharge in C-fibres of monkeys in vivo was suppressed by •60% across the first three stimuli whereas, similar to tachyphylaxis of Iheat in the present study, further stimuli displayed only weak suppression (LaMotte & Campbell, 1978) . Pain ratings in human subjects decreased across repeated heat stimuli (LaMotte & Campbell, 1978; Adriaensen et al. 1984) . Tachyphylaxis of Iheat (40-50% across three stimuli) provides at least a partial basis for suppression of C-fibre discharge, which in turn was suggested to explain the characteristics of concomitant reduction of pain sensations in humans. The processes of inactivation and tachyphylaxis may be two manifestations of a single mechanism. From in vivo experiments it is known that adaptation affects the dynamic response more than the static response (Treede, 1995) : after repetitive heat stimulation the dynamic response disappears but the static response remains. Under the in vitro conditions in our experiments, however, the degree of inactivation remained nearly the same during repetitive heat stimulation. Thus inactivation and tachyphylaxis in vitro seem to be at least partly independent of each other. In conclusion, inward currents elicited by moderately noxious heat stimuli in small DRG neurones inactivate during prolonged stimulation with time constants of 4-5 s and show signs of tachyphylaxis when activated repetitively. Neither inactivation nor tachyphylaxis depends on extra-or intracellular calcium. These phenomena provide at least a partial explanation for the adaptation and suppression of action potential discharges of primary nociceptive afferents that are observed in response to heat stimuli applied in vivo.
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